We report a modified synthesis route of colloidal gold nanorods (AuNRs) by combining the thermal re-shaping treatment and bi-surfactant modification using hexadecyltrimethylammonium bromide (CTAB) and sodium oleate (NaOL). Aspect ratios down to 1.3±0.1 can be achieved in addition to good monodispersity, uniformity, and chemical stability of the materials. Furthermore, without needing post-treatment, metal ions directly interact with the AuNRs efficiently, allowing rapid and sensitive colorimetric detection of heavy metal ions such as Pb 2+ and Cu 2+ with a low concentration down to 2.5 μM. The detection performance in terms of selectivity, sensitivity and stability is systematically evaluated. The AuNRs with tunable aspect ratios as well as chemical stability have potential in surface-plasmon-based applications such as biochemical sensing, biochemical imaging, medical diagnostics, and cancer therapy.
Metallic nanoparticles are arousing interests due to the burgeoning field of plasmonics that encompasses the interaction of light with metallic nanoparticles [1, 2] . The interaction produces localized surface plasmon resonance (LSPR), leading to the significant modification of local optical field and promising a variety of applications in biochemical sensing, biochemical imaging, medical diagnostics, and cancer therapy [3] [4] [5] [6] [7] [8] [9] [10] . In particular, gold nanorods (AuNRs) have attracted much attention due to their tunable shape-dependent optical characteristics in a broad spectral range [10, 11] . One of the most intriguing characteristics of AuNRs is the resonant excitation of multiple plasmon modes (transverse plasmon and longitudinal plasmon), which are strongly dependent on the aspect ratio of AuNRs. These shape-dependent optical properties have frequently been taken advantage to enable diverse applications [12] [13] [14] [15] [16] . To optimize the performance of these applications, it is necessary to design and synthesize AuNRs with a wide range of tunable aspect ratios as well as good chemical stability. Therefore, the exploration into how to effectively control the aspect ratio and improve the stability of AuNRs has become a research area of intense interest [17] [18] [19] [20] [21] [22] [23] .
Seeded growth of colloidal AuNRs in the presence of cationic surfactant hexadecyltrimethylammonium bromide (CTAB) has been widely reported [17, 24, 25] . The aspect ratio can be tuned by adjusting the amount of AgNO 3 to break the growth symmetry of AuNRs. In principle, lower AgNO 3 concentration will lead to a decrease in length and thus smaller aspect ratio. However, further decrease of AgNO 3 concentration results in the incomplete deposition of silver on the sides, causing the difficulty of synthesizing AuNRs with ultra-small aspect ratio [26] . To address this challenge, improved morphological control of AuNRs has been developed by using various additives [18, 21, 27] or additional surfactants [20, 28] . For example, Murray and coworkers reported an improved synthesis process by using sodium oleate (NaOL) and aromatic additives. Highly uniform AuNRs with well-defined aspect ratio are obtained. Despite the great advances, this modified growth method is appropriate for large nanorods with large aspect ratio (over 2.5). There is still lack of effective approach to synthesize AuNRs with controllable ultra-small aspect ratio. In fact, AuNRs with small aspect ratio are of great interest for optical sensing and imaging applications. In contrast with the longer nanorods which preferentially scatter lower-energy orange/red light, the small aspect ratio denotes that both the transverse and longitudinal plasmon bands are in the visible region. Therefore, the short nanorods scatter more visible green-blue or yellow light and appear brighter than the long rods, which enable them to be more suitable in the applications of colorimetric sensing and imaging [29] . Therefore, it is demanded to develop a new route to synthesize AuNRs with small aspect ratio as well as good stability.
Colorimetric detection of heavy metal ions is one of the most important applications of AuNRs. Recently, the environmental pollution of heavy metal ions increasingly arouses extensive concerns because most of them are very toxic, bioaccumulative and non-degradable. In particular, Pb 2+ and Cu 2+ have been recognized as two hazard pollutants that affect all biological systems through exposure to air, water and food [30, 31] . Thus, environmental monitoring of Pb 2+ and Cu 2+ is of vital importance, not only for effectively managing and diminishing pollutants, but also for ensuring the health of biological organism. Plasmonic AuNRs have been verified to be an efficient sensing platform to detect heavy metal ions by taking advantage of surface plasmon resonance [30] [31] [32] [33] . For instance, Yan's group used cysteinefunctionalized AuNRs to successfully realize the colorimetric detection of Cu 2+ with a concentration range of 1-100 μM [31] . Yang's group also achieved a low detection limits (0.1 nM) for Pb 2+ by using cysteine modified AuNRs [30] . In addition, Gunasekaran's group utilized the L-arginine-functionalized AuNRs for Hg 2+ detection [33] . To realize the efficient detection, most of the reported methods employ additional functional molecules, such as carboxyl and amino groups, to coordinate metal ions among AuNRs. Generally, the employment of carboxyl and amino groups will break the electrostatic balance in the gold colloidal and lead to the selfassembly of AuNRs [34, 35] . Although the high sensitivity can be obtained, the further application of this method is limited by the processing complexity, poor controllability and instability of the AuNRs colloidal. Accordingly, the colorimetric AuNRs sensors with processing simplicity (e.g., eliminating the step of using coordinator molecules) and performance stability are highly demanded.
Herein, a modified synthesis route to prepare colloidal AuNRs by combing thermal re-shaping and bi-surfactants modification using CTAB and NaOL is described. The method is demonstrated to produce high-quality AuNRs with good aspect ratio tunability and size uniformity boding well for broadband optical applications. AuNRs with small overall dimension in terms of ultra-small aspect ratio (down to 1.3±0.1) and diameter (less than 20 nm) are achieved. In addition, metal ions can interact with AuNRs without posttreatment thereby allowing rapid and sensitive colorimetric detection of heavy metal ions such as Pb 2+ and Cu 2+ at a concentration down to 2.5 μM.
Experimental details

Materials
Hexadecyltrimethylammonium bromide (CTAB,99%), sodium borohydride (NaBH 4 ,98%), and magnesium nitrate hexahydrate (Mg(NO 3 ) 2 ·6H 2 O, 99%) were purchased from Sigma-Aldrich and chloroauric acid (HAuCl 4 ·3H 2 O, A.R.), silver nitrate (AgNO 3 , A.R.), sodium oleate (NaOL, 97.0%), L-ascorbic acid (AA, A. R.), lead nitrate (Pb(NO 3 ) 2 , A.R.), zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O, A.R.), and potassium chloride (KCl, A.R.) were obtained from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Hydrochloric acid (HCl, 37 wt%) was purchased from Dongguan Dongjiang Chemical Reagent Co. Ltd (Guangdong, China) and ferrous chloride tetrahydrate (FeCl 3 , A.R.), copper (II) chloride dehydrate (CuCl 2 ·2H 2 O, A.R.), nickel chloride hexahydrate (NiCl 2 ·6H 2 O, 99.9%), and cadmium chloride (CdCl 2 , A.R.) were obtained from Aladdin Reagent (Shanghai, China). Calcium chloride (CaCl 2 , A. R.) was bought from Damao Chemical Reagent Factory (Tianjin, China). All the reagents were used without any purification and the solutions were prepared with deionized water (18.2 MΩ).
Synthesis of AuNRs
The AuNRs were synthesized by a seed-mediated method. The seed solution was prepared by mixing the CTAB aqueous solution (5 ml, 0.2 M), H 2 O (4.5 ml), and aqueous HAuCl 4 solution (0.5 ml, 5 mM) in a 50 ml tube. The freshly prepared and ice-cold NaBH 4 solution (0.62 ml, 10 mM) was quickly injected into the tube during vigorous stirring for 30 s and the color of the solution became yellow-brown. The seed solution was kept at 37°C for 2 h before use. The growth solution was prepared by adding an AA solution (10.5 ml, 10 mM) to a mixture containing the HAuCl 4 solution (18 ml, 5 mM), CTAB aqueous solution (90 ml, 0.2 M), HCl (1.8 ml, diluted 1:9), and AgNO 3 solution (1.8 ml, 0.1 M) with gentle shaking until the solution became colorless. Thereafter, 120 μl of the seed solution were injected to the growth solution and kept at 37°C overnight. The AuNRs solution was centrifuged at 10 000 rpm for 10 min to remove the excess species and redispersed in DI water for further use.
Preparation of CTAB and NaOL co-modified AuNRs (NaOLAuNRs)
The NaOL was dissolved in hot water (60°C) to form a transparent solution (0.04, 0.08, 0.1 and 0.2 M). 5 ml of AuNRs and 5 ml of the NaOL solution were mixed in a 30 ml Teflon container and kept at 180°C in an oven for different time (60, 90, 120, 135, 150, 165 and 180 min). The solution was centrifuged twice for further use.
Colorimetric detection of Pb
2+ and Cu
2+
Solutions with different concentrations of metal ions were with DI water. 10 μl of the metal ion solution were added to 2 ml of the NaOL-AuNRs solution at room temperature and the absorption spectra were acquired on a UV-vis-NIR spectrophotometer after keeping them still for 5 min.
Characterization
High-resolution mass spectra (HR-MS) were collected on a Micromass Q-TOF mass spectrometer and the TEM images were taken on the FEI Tecnai G2 F30 transmission electron microscope at an acceleration voltage of 200 kV. The UVvis-NIR absorption spectra were recorded on a Lambda25 spectrophotometer (PerkinElmer) using QS-grade quartz cuvettes at room temperature.
Results and discussion
The synthetic process is schematically illustrated in figure 1(a) . The first step is the preparation of CTAB-stabilized AuNRs (CTAB-AuNRs) using a traditional seeded growth method [36, 37] . The CTAB-AuNRs solution is centrifuged and redispersed in DI water and the concentration of CTAB-AuNRs is estimated to be 0.6 nM according to previous reports [36, 38] . After obtaining the CTAB-AuNRs, a certain quantity of NaOL is added separately to fine-tune the morphology of the AuNRs. After NaOL is added, the solution is heated at 180°C for different time duration. During the heating process, the negatively-charged NaOL molecules gradually adsorb on to the surface of the positively-charged AuNRs due to the electrostatic effect. Ostwald ripening occurring at a high temperature may lead to dissolution of Au at the nanorods ends. The dissolved Au can re-deposit onto the side areas of nanorods which results in the shortened length and increased diameter of AuNRs [39] . Morphological tailoring in terms of Au dissolution and re-deposition continuously occurs until the relatively stable spherical morphology is formed or the thermal process is terminated. The reductive properties of NaOL may facilitate the morphological transformation. Thus, by combining the thermal re-shaping and NaOL modification, AuNRs (NaOLAuNRs) with a wide range of tunable aspect ratios from 1.3±0.1 to 3.4±0.2 can be produced. Figure 1 (b) depicts the photograph of the colloidal NaOL-AuNRs solution prepared with 0.1 M NaOL and heated for different periods of time between 0 and 180 min. The color changes from red to purple due to the morphological variation of NaOL-AuNRs. The absorption spectra ( figure 1(c) ) reveal the clear shift of longitudinal plasmon peak, which can be attributed to the significant change of morphological features in the longitudinal direction during the thermal treatment. In contrast, the transverse plasmon peak red-shifts slightly, which implies the relatively slow growth of AuNRs in the transverse direction (diameter). Figures 1(d)-(f) show the TEM images of the AuNRs thermally treated for different time duration. The as-prepared CTAB-AuNRs possess an average length of 59±3 nm and diameter of 15±0.5 nm. When the AuNRs are thermally treated for 135 min, the average length decreases to 41±2 nm and the average diameter increases to 19±1 nm ( figure 1(e) ). When the treatment time is increased to 180 min ( figure 1(f) ), the length of AuNRs is further reduced to 20±1 nm while the diameter remains nearly invariable compared with the AuNRs treated for 135 min. The morphological changes in the longitudinal and transverse directions arise from the fact that the rate of Au depositing onto the side areas is less than the rate of Au dissolving from the two ends. Significantly, this discrepancy in morphological change opens up the opportunity to synthesize AuNRs with ultrasmall aspect ratio down to 1.3±0.1. The growth mechanism of AuNRs is similar with the previous work using single surfactant CTAB in a thermal process [39] . The good size uniformity obtained in this work probably comes from the reductive characteristic of NaOL, which reduces Au ions and provides a balance between Au dissolution and deposition [20] . Figure S1 (a), available online at stacks.iop.org/NANO/ 29/334001/mmedia, clearly shows that the AuNRs synthesized with CTAB or CTAB-NaOL are both stabilized in the presence of NaOL but tend to aggregate without NaOL during thermal treatment at 180°C. To confirm the effect of thermal treatment on the morphological control of AuNRs, the absorption spectra of AuNRs treated with and without NaOL at room temperature are shown in figure S1(b) . The absorption spectra almost merge together with slight difference, which suggests the morphological features of AuNRs are maintained. This phenomenon denotes that thermal treatment plays important role in the shape modification process.
The HR-MS spectra further confirm that the obtained NaOL-AuNRs are modified by both CTAB and NaOL ( figure  S2 ). Figure S3 shows that NaOL-AuNRs are successfully prepared by adding different amounts of NaOL. Moreover, the pH stability of the NaOL-AuNRs is improved compared to CTAB-processed AuNRs. As shown in the absorption spectra measured in different pH environments (figure S4), the NaOL-AuNRs have good stability at pH>4 while CTAB-AuNRs tend to aggregate in either the alkaline or acid environment. The aggregation possibly comes from the obstruction of additional H + or OH − in colloidal, which changes the distribution of CTAB on AuNRs and causes the nanorods aggregation [40] . Fortunately, such obstruction from H + or OH − can be weakened to a certain extent when NaOL is added to partially replace CTAB or immerse in CTAB layers.
The stable NaOL-AuNRs with tunable aspect ratios have potential in the detection of heavy metal ions. The NaOLAuNRs with the longitudinal plasmon peak at about 620 nm and transverse plasmon peak at about 520 nm are chosen in the detection experiments. As shown in figure 2(a) , the absorption spectra of the NaOL-AuNRs change significantly upon addition of Pb
2+
. For a Pb 2+ concentration of 10 μM, the longitudinal plasmon peak blue-shifts and the transverse plasmon peak red-shifts producing a merged plasmon peak at 570 nm. The blue-shift of the longitudinal plasmon peak stems from the side-by-side assembly of the NaOL-AuNRs. When the concentration is increased to 25 μM, the longitudinal plasmon peak red-shifts to 850 nm. The TEM image in figure 2(b) discloses the side-by-side assembly for the smaller Pb 2+ concentration but for the larger Pb 2+ concentration, more active sites coupling the metal ions and plasmon sensors are formed, which leads to the close and random assembly of NaOL-AuNRs. Figure 2(c) shows that for the higher Pb 2+ concentration (25 μM), numerous NaOLAuNRs assemble to form large spherical aggregates.
The possible detection mechanism is illustrated in figure 2(d) . The key of LSPR-based ion detection is the effective coordination between analytes and plasmon sensors [31, [41] [42] [43] . It has been reported that positive CTAB is preferentially located on the side surface of the CTAB-AuNRs [44] and consequently, the negatively-charged NaOL is attracted to the side surface of the AuNRs electrostatically. After addition of Pb 2+ , the coordination among Pb 2+ , NaOL, and CTAB are constructed along the side faces of the NaOLAuNRs, giving rise to the side-by-side assembly of NaOLAuNRs and spectral variation in the LSPR.
To evaluate the detection specificity, different metal ions (50 μM) , Cd 2+ , Zn 2+ , and K + are added to 2 ml of the NaOLAuNRs solution. Figure 3(a) shows that after addition of metal ions, the color changes from blue-green to gray for Pb 2+ and Cu 2+ but no obvious change can be observed for the other metal ions. Furthermore, the corresponding absorption spectra show the distinct red-shifted LSPR peaks after Pb 2+ and Cu 2+ are added, while only slight variation for other metal ions are observed ( figure 3(b) ). The detection specificity is further evaluated by plotting the ratio of the longitudinal plasmon peak amplitude (A LP ) to valley amplitude (A valley ) between the longitudinal and transverse plasmon peaks ( figure 3(c) ) [31] . The detection specificity for Pb 2+ and Cu 2+ is verified by the smaller A LP /A valley ratio compared to other metal ions.
The dependence of detection characteristics on the adding amount of NaOL and environmental pH was explored. Figure S5 shows the photographs of the NaOL-AuNRs prepared with different amounts of NaOL (0.04, 0.08, and 0.2 M). The NaOL-AuNRs prepared with 0.04 M NaOL can detect Pb 2+ Fe 2+ and Cu 2+ but those prepared with 0.2 M NaOL do not show distinct color change for all metal ions. The observation implies that the detection performance can be controlled by adding the suitable amount of NaOL to the colloidal AuNRs solution. Figure S6 shows the absorption spectra acquired at different pH values. One can see that the NaOL-AuNRs have better detection sensitivity in a neutral environment possibly because H + or OH − blocks the coordination among Pb 2+ , NaOL, and CTAB. Figure S7 shows the time-dependent absorption spectra of NaOL-AuNRs after addition of 25 μM Pb 2+ . The two plasmon peaks merge together and blue-shift in the first minute, then broaden and red-shift in the third minute. The initial blue-green color changes to purple and then gray, indicating that the NaOLAuNRs are efficient sensors in rapid colorimetric detection of Pb 2+ . The stability of nanorods was also explored. After being stored for 4 months under ambient conditions, the absorption spectrum of NaOL-AuNRs were measured. Compared to the freshly prepared NaOL-AuNRs, the absorption spectrum still preserves without significant shift. More importantly, the Au nanorods can still be used in the detection of Pb 2+ after 4 months, indicating a robust monthlong stability of the NaOL-AuNRs ( figure S8) 2+ or Cu 2+ is added in the AuNRs colloidal, the color and spectra will not significantly change ( figure 3) . Therefore, the obvious color change from all ion configurations originates from the existence of Pb 2+ or Cu 2+ in the mixtures. Although the quantitative evaluation of Pb 2+ and Cu 2+ in the mixture is difficult, the identification of existence can be realized when Pb 2+ or Cu 2+ is mixed with other metal ions.
Conclusion
A technique to prepare colloidal AuNRs by combining thermal re-shaping and bi-surfactant modification using CTAB and NaOL is designed and demonstrated. The method overcomes the limitation of single CTAB-based growth and enables synthesis of AuNRs with a wide range of tunable aspect ratios. High-quality nanorods with a small aspect ratio of 1.3±0.1 with good monodispersity, size uniformity, and chemical stability are produced and the broad tunable LSPR leads to a variety of applications such as detection of heavy metals. The Pb 2+ and Cu 2+ detection limit is 2.5 μM and good reliability are demonstrated. The AuNRs synthesized by this technique constitute an optical coupling platform for different LSPRbased applications such as biochemical sensing, biochemical imaging, medical diagnostics, and cancer therapy.
